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ABSTRACT

The effects of topographic features on Rayleigh wave propagation and scatter-

ing are investigated in the laboratory using three-dimensional ultrasonic

models. St.arting from simple steps, different, topographic features are modeled.

The effects of these features on Rayleigh wave transmission and scattering are

examined as a function of wavelength nd as a function of angle of incidence.

In general, backscattered or reflected Rayleigh waves are small compared t.o

transmitted waves. A significant fraction of the Rayleigh wave energy is seat-

tered into body waves. Transmission and reflection coefficients (transmitted or

reflected energy/incident energy) computed from spectral ratios vary strongly

with incidence angle. At wavelengths equal to twice the step height., the frac-

tion of incident energy scattered into body waves ranges from more than 90% at

normal incidence to about zero at near-grazing incidence. At each angle,

transmission coefficients vary strongly with frequency. Because of frequency-

dependent phase shifts, the transmitted and reflected waves are distorted.

The effect of the steps on the propagation of Rayleigh waves, is demon-

strated by convolving synthetic dispersed wave trains with the impulse response

of the scale models. This is done using the transmission response function at

the appropriatc angle and from the simple model described above and convolv-

ing with the input wave function. The ocean-continent margin of the western

United States is modeled as a 60* ramp scaled to 60 km height. The Tibetan

Plateau is modeled as a broad mesa scaled to 40 km height. In both models the

azimuthal dependence of transmitted Rayleigh waves is similar to that observed

at. WW'SN stations for Rayleigh waves crossing the modeled terrestrial struc-

tures. The actual physical modelling of the plateaus is now underway using sirn-

ple shapes (such as circular mesas) at first.
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WIXODUMTON

Raylc.igh wave propagation in strongly- varying structures is a comrplex pro-

cess well iijited to analysis by ultrasonic modeling methods. Until recenitly,

ultrda4onir modeling of surface wave transmnission and scattering has hern lirn-

ited to two dimensions. In this paper we report on a series of ultrasonic model-

ing experimrents investigating the propagation arid scattering of Rayleigh waves-

* by simple three-dimensional topographic features.

Rayleigh waves propagating in two dimensions through simple steps or

oirourid corners and in wedges have been studied experimentally by a number of

invcstigatcors (dc Bremaccker, 1958; Kato and Takagi, 1956: Lewis and Dally,

1970; Kritof and Ganigi, 1960; Pilant et atL., 1964; Martell et at., 1977; and Naffh-

* man, 1980). Detailed 'snapshots' of the complete stress field of Rayleigh waves

Scattered in wedges have been obtained using photoelastic methods (Lewis and

Dally, 1970).

Deveicpment. of theoretical and numerical methods of synthesizing Ray-

leigh wavv- scattered from simple structures has typically lagged behind exper-

imvertal results. Rayleigh wave transmission and reflection coefficients across

vt- tic~il bojndaries in two dimensions have been calculated using approximate

vrit W onal methods (e.g. McGarr and Alsop, 1967). Recently, synthesis of corn-

* plrte seismlogramls of Rayleigh waves reflected from, and transmitted through, a

vertiCAl st.,!p has been performed using the finite- difference method (Toksbz

19H,!: Fuyuki and Nakano, 1984). In three dimensions, numerical computationsI

* are liruted

A pprox imrrite method s to festirmate tran smissiorn and reflection (ovtfflet I

Or R~iy ti~ I wcivt.s in cidezit it stup Cam Igi1 011 1t vertiedi boun dary lIi vu. how-I

iv-r, hten dteveloped (MAa~wehvwsky, 1976; ChUn and lsop, 979).

-2-



Scattering of Rayleigh waves in three dimensions can be investigated in the

laboratory using ultrasonic methods. Rayleigh wave propagation in three-

dimensions has been studied using realistic three-dimensional scale models of

surface topography (e.g. Toksz, 1983). In such models even a simple input

pulse is severely distorted by the complex structure. Subtle effects of topogra-

phy on Rayleigh wave propagation and scattering are thus easily obscured by

the complexity of the model. An important step toward an understanding of

surface wave scattering in three-dimensions is the investigation of propagation

in sirrple rm~deis of canonical form.

In this paper, we investigate Rayleigh wave scattering from step and rarp- Z'

type topographic discontinuities and study their implications for surface wave

propagation across major features such as ocean-continent boundaries and r
Tibet.

-3-
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EXPERIMENTAL MMI'OD

The model used in this study consists of a solid block (200x2)Oxl0O min)

of alu mninurri. Steps of various height and geometry are milled into one of theI

largo farps (Figure 1).

The ultrasonic source and receiver each consist of a 2.25 Ml'z P wave

tranisducer coupled to a lucite wedge. The geometry of the wedges is s;uch that.

P waves generated by the transducer excite Rayleigh waves in the alijnlirurrn

with high efficiency. Similarly, the transducer is an effcient Rayleigh wave sen-

sor. The riidiation pattern of the transducer- wedge combination is highly

directioriil; axt. an angle of 10' from the axis of the central lobe, peak energy is

redwed to0 leSS than 25% the axial peak energy. The combination of thiese

f-aiirl-s rriakes the transducer-wedge combination especially useful when work-

iug wit-h a low-loss nmediurn such as aluminum; attenuation can be neglected in..

th- inailysis of Rayleigh wave propagation, and the observed Rayleigh waves arc

iinr'nt iririnated by body waves multiply reflected at. the edges of the model.

Pt-i k vnierg)' of Rayleigh waves triiveling on) the al umiriurn block ( V~ 6.A

krri1 'st'r V 1 = 3.2 krri,/sec; CR = 3.0 kmn/see) lies in the range 0.2-2.0 Mlhi.

(X~1 5- Smm). In this frequency band the spectrum is repeatably obtained

frorii a given mrodel and source-receiver configuration. We therefore take this

as the usable bandwidth of the modeling experiments. Because the model isz

essci hal ly a half-space, only funidarriental- mode Rayleigh waves are observed.

>%r :f iia half-Sipace is noni- di spe rsive to RaylIeigh waves, the ha If- space Rayl g h

wiavr r epreseri Is the( irmnpu Isu response of t he transd ucers and record inrg syste ii.

a~eir Riyleighi wave- ericrifritcr a step somel( of the, inriderit enfergy is

toiit.-Iled through th l-e10111CSoli is reflectud fromi te slecp. iiid seine1k Is tin1-

* rti d to body waves (de firc MAecker, 1 9593; Knopoff andc Garigi, 1 960; Martcr 0I

al 1 977, TlokY-,i* 19933). lIn gene1fral lii' effceiiiy of 111iriisioi i ughIf



reflection from a step depends on the wavelength relative to the step height

(e.g. McGarr and Alsop, 1967). In order to facilitate comparison of models with

different step heights, therefore, wavelengths are normalized to the step height.

The "normalized frequency", f, is obtained from the scaling relation

= h (1)
C X

where f is the frequency. c is the phase velocity, X is the Aavelerigtl, and h is

the step height. For a given step height, the range of usable normalized fre-

quencies is limited by the usable bandwidth of the modeling experiments. This

is an important consideration when the model seismograms are sealed to

corresporid to real Earth seismograrrms. Transmission and reflection coefficiert.s

calculated from Rayleigh waves traveling across steps of various heights indi-

cate that the model scaling relation (Equation 1) is generally appropriate over a

wide ranige of frequencies and st.ep heights.

We define the the Rayleigh wave energy transmission coefficient, NT. as

,e(F) =[A ) (2a)

where A 7(f) is the Fourier amplitude spectrum of the transmitted Rayleigh

wave, arid A4(f) is the amplitude spectrum of the Rayleigh wave propagating

across the aluminum half-space. The reflection coefficient, ER, is defined in an

exactly analogous way:

AR(f)-. , (2b)

where' Ap(f) is the mriplitide pr' ctruri of the reflected Rayleigh wave.

TransriMt.l.ed Rayleigh naves are recorded by keeping source arid receiver

at. opposit. praits on the diiarmnter of a circle centered on the step (see Figure

I). Rr-flor'!,ri w; ' rr' oh'ervrd hy placing -murer, and receiver at equal angles-

frorr I th rrmrnrmal lo t h, st.rik, of the step. Incidence angle is measured from the



.

strike of the step.--

L.

I-
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MODE.LING RESULTS

VERT7CAL. STEP M'ODEL

Figuire 2 ;[hows quismograrris of Rayleigh waves transrrutted arrno' a 'Arnrri

vertical step at. incidence angles ranging from 150 through 900 (nor-rial

incidence). The small signal arriving about 1 ,usec before the Rayleigh wave 1

an S wave excited at the step. At a given incidence angle the wav(forrris for. tii,

case of up- anid down-step transmission are essentially identical. Note Lhat. not

oiily pteak 1114)IitAodUS (leuredse by a factor of two to four or iriore, butll I it

waveform chanrges strongly as a function of angle of incidence. At normal

iricidfenfce (0=90o ) I rarisrrission coeffl~cients (Figure 3) agree well with those!

obtainierl for- a two-dimensional step using theoretical (numerical) calculationis

(Drake2, 1972; Martel et at , 1977; lFuyuki arid Nakano, 1984).

At normal incidence the fraction of transmritted energy (F-.) seldoml

exceeds 207 wi t~hin the. Usable frequency band. This represents a loss or ovecr

H0% of the tincidenit Rayleigh wave energy to reflected surface waves ind troe-

verted( b~ody wives.

Reflected( Rayleigh wave seismograms are complicated by the presenice of

double reflecholins, se~pirated by about 2 ,usec (Figure 4). In Figure 4 A, the first

reflection c orresponids to the Rayleigh wave reflected from the bottomn edge- of

hcscvthe seconid to the Rayleigh wave reflected from the upper edge after

propaigIt'ing up thf, face! of t he step. These are! further complicated by mull. pfe

sca t.. rinrg arid Haieg h to shear scattering. Reflections from a downi-step (Fig-

or, 113) ir( mijO Pi -rgc r thain those from an uIp-step (lVigu re 4-A). Also, shapes of

r~fow -if p rr'fl~rct, (i wiv(formnis -irP (Iifl rprit from thosef of op-step. They do not

e'xlhi i H( fronlg irlride.ri cc anrgi deperi dence. Sirmilar differences in up- ste .c)

ii tj ' i tz I er I oif4 r iyl P,10ig h wavo' : vv herfrr ohsefrvFd in two-dime fnsinna



modeling experirmen ts (e.g. Nathrnarl, 1980).

In ge rieriil hei( refiected enrergy .is very small, particu tiart at r iori i r

rw ir-n or-rou inrci dt-rice (Figuire 6). At miost, angles and frequ encies, reflectecd

r.n~ry ecoi t for- rn morfe t.han 1 0-pnfl, of Ithe incidenrt energy Az I he

III ldclne 'Ingle ht 'corn' s more grazinrg the reflected en ergy inicreaises raipidly,

I v for w ivLgit h s ipproxtimateldy equal to three times the stecp height,

tit j fronTi Figtir-f-4 3 arid 5 that, the eff'ceency of body wave scattering

r. .epcnu>'oni the' angle of Incidence. In the 3 rmmr stecp mnode], (itj

A C I l flt ii to oneo-Yhalf the step height (the first maximum ini F'IguT 3)

;)f thf im irnetoe it, energy is scatte red to body waves. As the i rici den(

ti rei-( graimg iricidence), this figure drops toc about zero.

lilY'' 'thtte etfoict. of a more grad ua-l chiange Of elevation, the 3irin

r-" t') I "itape of fit) fromn the horizontal (see Figure 1). Di storkon

rits nriiite d Anrd reflcted waveformIs is strong, particularly at normal

InT..rgv ,rrsnii cot Maert s fur thisz modfel (F igujre 7a) arc genierally

i > iTi hose fon- t he stecp model (Figure 3b) at frequencies beltow f h.

rvg rmi!tinozi ni r f ' 10.9 Ot normall incidence is,, rorisiderably smaillerT

'rr'>inuttngiritMIMinnii fo' H l'stepT rniUdel. izeflecd energy (l-igiirt'

*,'d'riitM~nl[''r tin fir the, 'utse of the! %ertical ste(p (Fiurt 4,1),

'11>1' nif r)n ~ howeevfr, aiamrit at. all angles. lni.crfcre!iic' lictwot.'Tln

N rfitti(oris iild tfit z-tttr body wves conntribuitr to Ib, -omplitliut



- ~---' .- - -- - -.

I I'
*1

S

I
I

I

N

rrTrr- -r- rr- T -rrrrTrn-rl

I

r.

I

>ili~ II N

I

0
- C

I I I I

0 0 0 0 I

I



At~

5 an

mS

3mrmr

6 0 -3m



Flii rv 10- Thu regi on in h-N space in which the ultrasonic model result,, from i
the, :HrI~ mnodels may be reliably used. Un its of h and X ire arbit rary. InI thI
shadt-ed irrns reperittability anid consistency of a given exper-irritirt is niot
t-.irl d. 'I( usablu ind unw-AbIc regions aci dcrnarecitekd by' ULi ntriaxirrwn Mrid
111NIUM r r umusable niornmalized freque'ncies. The box shows the region a lowed for
ooil ing Rayleigh waves i the period range 15f-401 sec (50)-15() kilr wivelengtti ).

Thuis step heights in the range '30-100 km [may be modeled successfully over -

this pe~riod rivnge.

Figlorte 1 1 . A. WWSSN vertical c.ornporr ent recordi rirgs of the Rayleigh waves from
Oll t: 1.hqii<:kt in heloyallty filslrds; (9,./81, 1 1 0-r 4 0 . ,l -1488- S, 1639.60)
E~. kil -p hT b1 k 5o .n 9, M =6.2). The anigle at. whichi the greait-cirrc crosses
h e tiiri I larginl is shown next to the con tincrital stations. B3. Model syn-

th(Art tic si gramrs using the 3irnrri 60' ramnp scaled to 60 kmy height.

o .IRayltigh wa've P'aths across the Tibet an Plateaui from an C!Xplos.'iori it
Htic: '.1)p \or test' s'ite (14 October, 1970). Reproduced from Bird (1976). Inset:
mi'n-cdi,risional model of the Tibetan Plateau used to generate model-

-,!!2A1110tIf'SHi1igriMnS for the paths Lop Nor-ND] and Lop Nor-SIIL

":2onrpirison of real seismograms (siolid lines) with model -syrithe ti
- ru~ inc-(daished fi ries) u sinrg the lens model of Figure 12'. All seismogramys
hrl ii iow- pass ('il c red it 10 s;conid period.

-20-



FIGURE CAPTIONS

FigurC 1. Geometry of the models used in this study. Source transducer is
ltcated at point S. Reflected or transmitted waves are recorded at points R or
1'. Cross sections of two steps used are shown below.

--.4

Figure 2. Waveforms of Rayleigh waves transmitted across a 3rm vertical step.
The top trace is t he input signal. The srnal pulse arriving 1.0 gsec before the
Rayleigh wave is an S wave excited at the step. The vertical scales on the
seisrnograrik s have been expanded by the scaling factors shown at the start of
f'ic:h trace. A: Transmission in the up-slep direction. B: Transmission in U!.
dowri-st p diretiori.

igure :3. Energy transmission coefficient.s for the Rayleigh waves in Figure 2

i'he horizontal axis is normalized frequency (fA-) where h is the step height,

arid A is the wavelength. Curves are shown for three angles of incid,.rice. A:
Transmission in the up-step direction. B: Transmission in the down-step direr-
Lion.

F"lgurt- 4 Wavefor-is of Rayleigh waves reflected from the 3m~m vertical step.t

Note the secondary reflection corresponding to a reflection from the upper
erp of the step. A: Reflection from the up-step. H: Reflection from the down-

F'igure' - . Energy reflection coefficients for the reflected Rayleigh waves in Fig-
ure 4. Note the change of vertical scale from Figure 3. L Reflection from the
up-i |cp. B: Refletion from the down-step.

Figure 6. Seismograms of Rayleigh waves transmitted across (A) and reflected
from (B) ti .: 3mni, 60' ramp. Propagation is in the up-step direction The
si-lsIogrmmls in (B) were high-pass filtered at 0.3 MhIz at the time of recording
to) 'tilniriW: the s- ignal- to-noise r ,Lio.

ligure 7. I[riergy transmission and reflection coeff cients for the Rayleigh waves
in Figiit 6. A: lp- step t ransmnission. 13: Up-step reflection. Note the differene
ir i t ' i rT l e l ',.

giurf- B. l:ner y V rrii r si l d la Of FigUre 31 after application of the eripi ii-

I .). n , - cur' , r the it . Lic dunuk,

Figurt 9. Tt- -fT,', I of the :nir, v e rt.:,f step (A) iiid ramp (I1) inodels on a
divp'rs,'rI wi , ii.. I'hr npiut. signal (top iric u) is a linear chirped sinusoid,
wlhri. i :ri.. ir," c : ,'r,.±s,' f i) to 0 M1 , in 60 psuc. Ph e corresponding

Va rig' of w r ,1 0 Ii i() i' Vrrifgt.li (1, is 0.2 t o 2.
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which surface waves c'ross region,, of strong struct-ural coritrasL. In basinr-,Od

range provi nces, for exolrupi c, wh cr cro sti Hayleigh wives,. I rave rsc ii1 ~l

stleps. strong fefTects can be expeetted due to comfpoun)ding Cof the ufeIIs2

Su~terud( by, passage through o single step.

Th e ultIrasori- m rod el-synthetic method rnay prove useful in More ge crro

pro hlti 115 f h rt --dinrnisi onl suirface wave scattering, particularly in rsit iii-

is for which analytic or numerical solutions are dim-c ult to obtain.
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rnodel-syntheLie data•

The agreement between real and modeled waveforms is generally good,

particularly at longer periods (Figure 13). Note that the relative amplitudes

betwen SpiIl, and NDI are similar for both the observed and mndel-syntheticj

seismograms. No attempt has been made here to model the small-scale scatter-

ing in Tibet and the Himalayas; the short period (<15-20 sec) components of the

waveforims therefore do not match as well.

CONCLUSIONS

Using three-dimensional ultrasonic modeling techniques, transmission and

reflection coefFcients as a function of wavelength and incidence angle are

obtained for Rayleigh waves propagating in simple step models. The efficiency of

Rayleigh wave transrission and reflection varies strongly with both incidence

angle and wavelength. At some incidence angles and frequencies as much as

90 of the incident Rayleigh wave energy is scattered into body waves.

Transrrission coefficients obtained at normal (90') incidence agree with those

obtained with two dimensional modeling methods and two-dimensional finite-

difference methods. An empirical relation between transmission coefflcients at

different incidence angles is obtained for the case of a vertical step. This rela-

Lion may be applied to two-dimensional theoretical (numerical) calculations of

propagation in more complicated structures to obtain estimates of Rayleigh

wave transrmission coefficients at, oblique incidence angles.

The effect of sirriple strect ures on Rayleigh wave propagation in the Earth

is dernorist rated by c onvolvinrg the impulse response of the models with real or

synthetic dispersed wave tr;ins. SorMCi observed features of Raylcigh waves

crossirig ari oe,in-cmitinr-miet margin and the Tibetan Plateau are similar to

those pr,'dic'ttd from rhdt' l rfulfs. The met hod may be applied to 4tudies in

-1,-
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angle governed by Snell's law (e.g. Evernden, 1953; Capon, 1970). Using the

coast arid ocean models given by Drake and Holt (1980) we find that, in the

* period range of interest in this' example (15-40 see), Rayleigh waves incident, on

the coast at incidence angles greater than 30' are refracted laterally by no

MOre Wan about 6'. This is within the uncertainty (±10') in the estimate of

incide ice angle and so is not an important consideration in this example.

711AH TJiilAN 2LA TAt!

The Tibetan Plateau is often regarded as an isostatically-cornpensated

0 block )f uplifted crustal rock with an average elevation of 5 kmn (e.g. Bird and

Toks6.. 1977). According to the ultrasonic modeling results, we expect that

* .Raylci,,h wavcs crossing the margins of such a block will be scattered at the

edges )f the block and the waveforms distorted. To investigate the effect of the

* Tibet'a IPlatcau on Rayleigh waves propagating across it we comrpare real arid

- rijoflel- syril hetic Rayleigh wave seisrniograrris for the propagation paths shown ir

Figur(e 12.

Tthc 'Tibetan Plateau is modeled here as a cylindrical lenis with effective

fieight of 40kmn above average terrajin (Figure 12, inset). The lens itself lies on a

hiflf- sf-ace. The leris includes the effects of both the elevated topography of the

Ii be tal I Blat ca andi the deep c rustal root of the irnalayas. Model- synthetic

HLli hseisritograirris are( geneurateud by convolving an input waveformi with the

impkjit- ruipIorise of the step modJel appropriate for each of the two edges of the

1,n. i i( hebtari Blat can is wide- compared t~o a Rayleigh wavclengt h,

* i Arf, r-m jiar is irig fro)m ma lt~I plc refl -t aon from opposite edges of the Ila-

I [ict ed Iril- hefref arfc rio WW SS\ stations on the northern front of

tfF h['I tl It). Wi- usej thel( RayleJfigh Aiv(, re~coriled at. K[13[ as an iput signal t~o t he

ir IT I Ilii '~ii l at teroijI ion rriodcl oif lHird (1976i) is applied to the,

* -14-



771Y OCEAN- CONTINENT MARGIN

The incidence angle dependence of Rayleigh wave transmission across the

ocean-cont.inent rmargin can be seen in recordings of teleseismic oceanic Ray-

leigh wave rnade at coastal stations. For example, Figure 11 shows Rayleigh

waves recorded at WWSSN stations on the west coast of the United States from S

an earthquake in the Loyalty Islands. The incidence angle is taken to be the

angle between the great-circle path and the continental shelf. For paths t,"

BKS, COR and LON, the angles are 90', 60', and 45', respectively. Among the

continental stations in this example, epicentral distance ranges from 87.2'

(BKS) to 91.9' (LON). Great-circle azimuths vary by no more than about 1' and

source radiation patterns would have the same effect at these stations.

Differences between the seismograms recorded at the continental stations are

therefore primarily due to variations in the incidence angle. At normal

incidence (HKS) most of the Rayleigh wave energy is confined to the first dozen

or so cycles, after which time the amplitude decays rapidly to a small value. As.-

the incidence angle decreases to near-grazing, the initial 'packet' of energy

broadens and the rate of amplitude decay decreases. This trend is consistent

with that observed i the chirped sine synthetics (Figure 9).

Synthetic Rayleigh wave seismograms were generated for a pure oceanic

path using the PEM-O model (Dziewonski et at., 1975) and convolved with the

irnpulse response of the 3mm ramp models, scaled to a height of 60 km (Figure

1lb). The model-synthetic seismograms exhibit azimuthal behavior similar to

that. of the real seisnlogranLs (Figure 1 la).

In this (exantiplc w' have assurried the Rayleigh waves propagate on the

gre,0 f'i rrli 1 th t w ve ti irr-e and reeivvr, In fact., the vel ocit~y cont rast

derl)ss tUi, or:eiin-f-orit tine'nt. rnargin in the Earth is such that Rayleigh waves of a

gtvn p1r'rt t rJvrlrg tie rmargin will dvviatFe from the, great-circle path by an

-13- '
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and Tx, 1,X , and Vx are characLeristic times, lengths, and velocities, respectively

in either the model (mn) or the Earth (e).

In general, the terrestrial scale length appropriate for a given physical

problem is considerably greater than that which would be indicated by surface

topography alone. In discussions of terrestrial scaling, the terrestrial scale

length is not to be interpreted literally as the dimension of any real structure;

it is simply the characteristic dimension of a highly simplified model. The topo-

graphic expression of the physical model includes the combined effects of ter-

restrial topography and deep structure. The ultrasonic step models described

ir the first section of this paper represent a very simplified approximation to

complex boundaries of vertical heterogeneities of the earth structure. It is still

worthwhile, however, to investigate whether models produce effects similar to

those observed in the earth.

We take as the input signal for a given model a real or synthetic terrestrial

seismograrr. The seismogram is resampled at a rate determined by the model

scaling factor, and convolved with the impulse of the model. The result of the

-convolution is resampled to restore the seismogram to its original (terrestrial)

tirTie scale.

f3ecause the usable frequency of Rayleigh waves in the modeling experi-

mrits is limited to the band 0.2-2.0 Mhiz, the range of normalized frequencies

aviiilable for scale rmodeling is also limited. The range of step heights and

ive I,-rilt hs which may be modeled reliably given the band-limited nature of

tti: iltrasoiic pLI Ise is shown in igure 10.

-12-



irnpulse resporise of i gyiver riodel for waves propagaLirig in d gIv w dii 'eCtir l IS .i

thus the result. of deurnvolving the transducer,/recording sySt.m irnIpLUIsC p

response from the recorded signal. In the frequency dornain we may wriLe

&.m((;0) (4)

where 7m(O;c) is the complex transfer function for the desired model It.

incidence angle 0 , is the complex Fourier spectrum of a Rdyleigh w.,..-

propaggating across the model at angle 0, Sh.(w) is the half-space Rayleigh wave"-

sptectrum, and 5o is the angular frequency. The inverse Fourier transform of

this quantity yields the impulse response of the given model.

As a test. of the effect of a step on a dispersed wave train, a chirped

sinusoid was rconvolved with the impulse response of the 3mm vertical step and

ramp models -t. several incidence angles (Figure 9). At some incidence angles

and frequencies thte envelope of the wave train drops to near zero, suggestive of

the "beating" phenomenon frequently observed in seismograms of Rayleigh

waves propagating ocross ocean basins. This beating is usually attributed to

rnultipathing due to lateral heterogeneities along the propagation path

(l'vernden 1953,1954). At least part of the amplitude modulation of dispersed

Rayleigh wave trains observed in the Earth may be due to propagation across

sharp structural features such as those modeled here.

In order to investigate the effect of simple steps on Rayleigh wave propaga-

tion in the Earth, the physical dimensions of the model are scaled to

correspond with those of some realistic harth structure. The scaling factor

rf',liatrg the' physicral rlimrnl-,nui on s of the Earth to those of the MOdel is given hy -

p
,h- liericar relation (White, 1 965):

7 = k 7., (5)

where the scaling factor k is givn by

-11-
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using the empirical r Aijon

Yrne)- sine (3a)

where frnin(O) is the value of fat which the tirst minimum in the transmission

curve appears. When this relation is applied to the entire transmission curvu

the curves at each incidence angle can be made to coincide (Figure 8). In

ternis of the effective step height at angle 0, Equation (2a) implies

h6 1 1 (0) ::=hsinO (3b)

To a first. atpproxiat11onl the transmissioni coefficient for an arbitrary incidence

angle cain thus be usurriated from the normal incidence transmission coefficient

using this emnpirical relation. This approximnation is poor, however, at incidence

du1gl (s shallower than about, '30'.

Because of its, strong incidence angle dependence, the reflection

coefficient for the step is difficult to model with a simple empirical relation.

BMPLICA~IONS F~OR THE FATiI

0One of the r-ost. interesting features of the ultrasonic results is that, both

Lri ririitwHcd Arid reflectecd Rayleigh wave pulse shapes, are severely dLurud as a

L'us ul I of in (er-achli with the variouIs steps. Thu waveform distortion is Liue to

* tif- CO!"ibinied effect~s of frequency-dependernt energy transmnission and

refct~cion arid int~erfereunce of waves multiply reflected within the step. More

* rjrripi(:a~edinput. signals, such as dispersed wave trains, can be expected to

undergo simfilar kinds of angle-depenident waveform distortion after propagat.-

irig wcross a st up.

l'he effcee of ai given triodel on a surface wave signal is duturmifined by (,on-

vol vinrg the riusi red input. signal with the impulse response of thu miodel. As

riotrd l r t he Rayl eigh wave prop)Agating across the al urmin urn half- spaice

reprsirith~(e imnnpil se response of the t,ranisd ucers and recordinrg sys emi.Th



Note that in the case of the rarnp model the frequencies have been normal-

ized to a step height of h=3.0 mm; in faLt this normalization is arbitrary. While

the vertical change in elevation is indeed 3.0 rrwn, the distance from the lower-

edge to the tipper edge as measured along the ramp surface is actually larger

h
than this ( - , where a is the ramp angle). This distance may also enter into

the scaling relations. Direct coMparisons between stop and ramp transmission

and reflection coeffcients riy not., therefore, be appropriate when scaled tc

the sa rTlI step hight..

AZIMP "711A! DPHIPEND[KNC" OF SCALING

In the models discussed above, the character of the transrmitted and

reflected waveforris changes most rapidly as the incidence angle decreases

below about 300. It is in the range 0° to 300 that the behavior of Rayleigh wave

propagation departs most strikingly from that predicted by two-dimensional

theoretical and approximate methods. At incidence angles greater than 30'

simple empirical relations can be found between the results obtained at normal

and oblique incidence.
I

In the case of transmission through the vertical step (Figure 3), note that

the energy transmission mninimnurmi near f =0.5 at norrnlal incidence mnoves to

higher frequency as the incidence angle decreases. The equivalent. effect is

observed for normally incident waves when the step height is decreased. This

suggests that the effective step height is dependent on incidence angle. That is,

as the incidence angle decreases the incident Rayleigh wave "sees" a shorter

step. The functional dependence of effective step height on incidence angle is

est irt wr by finding a simptc functional relation between incidence angle arid a

particular felture in the transmission curves. The normalized frequency at

whicth the first rririrnurn occurs in the transmission curves is approximated well

-9-
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